Rare metals mineralization in Jabal Gattar, N. E. Egypt, occurs at the sheared tectonic contact between a younger granite and Hammamat sediments. The contact is affected by a local reverse fault directed N75°E and dipping 45°SSE. The Hammamat sediments consist substantially of rhythmic siltstones and immature greywackes. The paragenetic history of the mineralized sediments involves many types of alteration, such as dissolution of primary quartz (episyenitization), sericitization, albitization, hematization, pyritization, silicification, kaolinization and bleaching. The calculation of the mass-balance indicates preferential mobilization of REE, Rb, Cs, Be and S from Gattar granite to Hammamat sediments in the alteration zone. The elements; U, Y, W, Nb, Cu, Pb, Sb and Zn are enriched in both granite and sediments, but with higher magnitude for the latter. The hematized sediments are generally better accumulators for rare metals.
INTRODUCTION
The granitic rocks in Egypt are broadly classified into two main groups: older syn-to late tectonic granites refereed as to gray granite (850 to 930 Ma, Hashad, 1980) and younger or post tectonic granites (594 to 563 Ma, Fullagar and Greenberg, 1981) . The latter (the younger) are also known as the pink granites (El-Ramly and Akkad, 1960) . The plutons of the younger granites are ites intruded into country rocks of cratonized oceanic materials (metamorphosed sediments, volcanics and ophiolitc melanges) as well as older syn-tectonic granitoids, calc-alkaline volcanics and molasse sediments. The Hammamat sediments form the southern extension of Jabal Um Tawat, bordering the extreme northern peripheries of Jabal Gattar granitic pluton (Fig. 1) . These rocks are traversed by Wadi deposits mostly filled with alluvium sediments ranging in age from Quaternary to Recent.
The geologic-setting of Jabal Gattar, and vicinity, was investigated by Barthoux (1922) , Schurman (1966 ), El Shazly (1970 , Dardir and Abu Zied (1972) , Willis et al. (1988) , Salman et al. (1986) , El Rakaiby and Shalaby (1992) , Roz (1994) , Nossier (1996) and Shalaby (1996) , among others. The prevailing lithology and tectonics closely determine the topography of the study occurrence, and vicinity. The granite of Gattar shows high resistance to weathering and forms high-elevated summits with rugged peaks. In contrary, the Hammamat sediments occur as a characteristic low hilly country. They occur as thin elongated strips, mostly controlled by the prevailing fault systems. On the other hand, Wadi Balih (see Fig. 1 ) follows a major fault trending N75°-80°E, more or less parallel to the local reverse fault separating these sediments from the intruded granites to the south (Salman et al., 1986; Shalaby, 1996) . The uranium mineralization, at Gattar prospect, seems to be greatly controlled by the strong tectonics, that maintained favorable ground preparation of the sites for the mineralizing process. The signatures of such tectonics are present on both mega-and micro-scales.
An aeroradiometric survey carried by the Egyptian Nuclear Material Authority discovered uranium in Jabal Gattar, as well as many other occurrences in the Eastern Desert, during the last few decades. The uranium mineralization is mainly restricted to sheared tectonic contact be- tween the younger granite and the older Hammamat sediments. The study area is located about 35 km westward of Hurgada city, Red Sea coast and approximately determined by the intersection of latitude 27°7′ 30″ N and longitude 33°17′ 5″ E (see Fig. 1 ). The present work attempts to contribute to the available knowledge on the geochemical constraints on genesis and mode of occurrence of the rare metals mineralization in the younger granites and Hammamat sediments at the Gattar area, central Eastern Desert of Egypt.
SAMPLING AND METHODOLOGIES
Sixty samples were collected from Gattar-V uranium occurrence in the course of four NNW- (Willis et al., 1988) . **Average Hammamat Sediments at Wadi Bali area (Holail and Moghazi, 1998 (Greenberg, 1981) . **Average Gattar granite (Stern et al., 1984) . Grant (1986) , as
, where SSE directed traverses crossing the mineralized contact zone over distances ranging from 2 to 50 m in order to study in detail the alteration along sides of the mineralized contact zone. On basis of the detailed microscopic examination, forty-one representative samples (six fresh granites, fifteen altered granites, ten fresh Hammamat sediments and ten altered ones) were selected for whole-rock chemical analysis. The analysis was done at the Activation Laboratories LTD, Ontario, Canada. Neutron activation (NAA), induced coupled plasma-mass spectrometry (ICP-MS), X-ray fluorescence (XRF) and electron microprobe techniques are used. The average values of chemical analysis data of the altered and unaltered Hammamat sediments and Gattar granite are given in Tables 1-4. Separated radioactive mineral grains were analyzed by X-ray diffraction. In addition, autoradiographic examination is applied on some highly mineralized samples, to elucidate the distribution mode of uranium. The secondary uranium is detected as patches and fracture-fillings in both hematized and bleached Hammamat sediments.
PETROGRAPHY
The Hammamat sediments outcropping in the study area are composed mainly of monotonously alternated immature drab colored greywacke and siltstone. The greywacke consists of subangular to subrounded quartz grains (25-50%), altered feldspars (5-15%), rock fragments (~15%) and matrix (20-40%) rich in sericite, fine grained quartz and iron (hydr)oxides. Quartz occurs as subangular to subrounded polycrystalline grains up to 2 mm in diameter. Monocrystalline quartz is minimal or absent. Some quartz grains have developed pressure solution features, which has resulted in partial recrystallization. Feldspars are commonly plagioclase and are mainly sericitized. Flaky chlorite generally occurs as a partial or complete replacement of biotite. Rock fragments are frequent in samples. They are dominated by granitic fragments as well as other rock units such as acidic volcanic and quartzite. Siltstone consists of wide varieties of fine angular to subrounded grains of quartz in silt size, feldspar, microcrystalline chlorite, sericite, detritus mica, all are densely packed in a dark hematitic matrix. Rock fragments are relatively uncommon. The common accessory minerals, in the Hammamat sediments are zircon and apatite. The altered sediments are affected by a rather complicated paragenesis, including sericitization, chloritization and muscovitization of lithic grain, silicification, pyritization followed by pseudomorphic oxidation, hematization and bleaching. Surfacial kaolinization of feldspars is possibly due to action of meteoric water (Fig. 2) . In the field, the epidote (rare apatite, fluorite) and opaques of magnetite and hematite. The ferromagnesium minerals are scarce giving rise to a leucogranitic type. The Gattar granite is usually altered at contact with the underlying Hammamat sediments at local reverse fault. The altered zone shows several types of alteration, such as dissolving of magmatic quartz, quartz-precipitation, albitization, hematization, muscovitization, sericitization and chloritization . The surfaces of the feldspar crystals are kaolinized due to interaction with meteoric water. The dissolution of quartz (episyenization) is the most conspicuous alteration feature in the study area, where it produces vugs whose volume and shapes coincide with that of the dissolved quartz crystals. The vugs left af- visible secondary uranium mineralization is strongly related to the interface between the bleached and the highly hematized Hammamat sediments.
Gattar granite is coarse to medium grained, with abundant microfractures and in places texture becomes cataclastic. It is mainly composed of nearly equal quotients of quartz and feldspars. Plagioclases represent about 40% of the feldspars, therefore, granite can be considered as subsolvus. The perthites usually enclose quartz and show signs of weak brecciation and fine granulation on rims, near contact with the Hammamat sediments. The presence of muscovite is mainly related to alteration processes (i.e., muscovitization). The accessory minerals are zircon, sphene, monazite, ter the dissolution of quartz may be filled with authigenic minerals, such as quartz, fluorite, kaolinite, and sometimes secondary uranium minerals (Figs. 6 and 7).
GEOCHEMICAL REMARKS ON UNALTERED ROCKS
The averages of the major and trace elements of the two dominant facies of the Hammamat sediments; siltstone and greywacke are markedly similar (Table 1) . Such similarity may reflect a common source, but different energies of depositional agents. The application of the two discrimination functions proposed by Roser and Korsch (1988) suggests that these sediments were derived from felsic and intermediate igneous sources. This agrees with conclusions reached by Willis et al. (1988) and Holail and Moghazi (1998) Nesbitt and Young (1982) , is low for the studied sediments (~52, in average). The low chemical weathering index, relative dominance of plagioclases (and other alumino-silicates) and the relative scarcity of clay minerals suggest that source rocks underwent slight chemical weathering, high erosion rate and rapid sedimentation.
The chemical analysis data (Table 2 ) reflect high homogeneity of the non-mineralized Gattar granite, with silica over 70%, Ca less than 1% and fairly low saturation of alumina. The peraluminosity index "AI" (Cuney et al., 1994 ) is calculated to be -0.91. The average normative composition is 32.7% quartz, 26.4% orthoclase, 36.6% albite, 1.5% anorthite and 3.1 diopside. Magnetite and ilmenite are recorded microscopically as main opaque minerals. Generally, Gattar granite is rich in alkali elements (8.47 to 9.41%, Na 2 O + K 2 O). The molar ratio of Al 2 O 3 /(Na 2 O + K 2 O + CaO) is less than 1, but the molar ratio of Al 2 O 3 /(Na 2 O + K 2 O) is higher than one. Thus the granite suite as a whole is best classified as metaaluminous leucogranite. Because of the low Ca and high alkali, the Gattar granite is very depleted in Sr and Ba (25 and 105 ppm in average), respectively. The low Ba and Sr and the high REE + Y may reflect a highly fractionated (low P) A-type granite (Pearce et al., 1984; Taylor, 1992) . 
THE MINERALIZED ZONE
The Hammamat sediments are intruded by Gattar granite in a sharp normal intrusive contact. The granite mass sends long apophyses and offshoots into the older Hammamat sediments. Sometimes, the granite magma is forcefully injected into the sediments along cracks and fractures, forming veinlets with no regular pattern. At the contact, the granite hosts large number of elongated xenoliths of Hammamat sediments in an early subposition. In the study area, a local reverse fault is recorded bounding the southern contact of one of the Hammamat xenoliths. The fault extends about 100 m. It strikes N75°E and dips 56°SE. The uranium mineralization is only recorded at this part of the contact. Many alteration features such as silicification, muscovitization of feldspars, bleaching and hematization are recorded at the mineralized zone of the Hammamat xenoliths.
MASS-TRANSFER
The calculations of the mass balance as measure for changes in mass, volume or concentration during metasomatic alteration are done assuming that "the components used to define an isocon have been relatively immobile" (Grant, 1986) . The reference line corresponding to zero concentration change (an isocon) is determined by a fitting to almina, the slope of the isocon yields the mass (volume) change in alteration (Grant, op. cit.) . The calculations for the Hammamat sediments indicate that most major cations are lost as a result of alteration (Table 3 ). The enrichment in K fits best within the secondarily formed sericite. The alteration increases also Ca due to formation of void-filling fluorite and calcite. The hematization commands better accumulation of trace elements, especially U, REE, Y, Be and chalcophile elements; Sb, As, V, Zn, Pb and Cu. The remarkable depletion in the content of Ba and Sr is due to breakdown of their host feldspars.
The obtained data of the mass balance (isocon) of Gattar granite, suggest losses for SiO 2 , Be, Rb, REE and remarkable gains for U, Y and transition elements, due to both Na-and K-metasomatism. The reddish colors of the altered granites are a result of mobilizing iron (and Mn) from altered mafic silicate minerals, such as muscovitization of biotite. The K-metasomatism seems to be better accumulator for U, while Na-metasomatism concentrates more Y, which increases in parallel to Ca probably due their coexistence in secondary fluorite. The mild enrichment in some immobile elements; Ti, Sc, Th and Cr can be interpreted to the volume loss of granite due to leaching reactions such as episyenitization. The stronger enrichment in U, Y, Zr and Nb is possibly due to their liberation from metamictized accessory minerals such as zircon (Fig. 8) . Cathelineau and Poty (1989) and Banks et al. (1994) , among others, believe that accessory minerals, such as monazite, uranophane, zircon and apatite, are possible sources of high concentration of REE, as well as U. These minerals may dissolve in hydrothermal solutions and their solubility depends on many factors, such as temperature, complexation, pH, sulfate content, salinity.
Generally, the mass loss of the elements; REE, Rb, Cs, Be and S in the altered granite, which corresponds to their marked enrichment in the altered Hammamat sediments (Fig. 9) suggests their mobilization from granite to sediments. The marked difference in the gain-loss magnitude is due to mobilization from huge granitic volume to localized alteration zone in the sediments.
URANIUM MINERALIZATION
The background values of uranium and thorium in the unaltered rocks range from 4.9 to 9.8 ppm U and 15 to 21 ppm Th for granite and from 5.4 to 41 ppm U and 2.8 to 6.4 ppm Th for the sediments. The mutual distribution of the two elements along the mineralized zone (Fig. 10) suggests a preferential precipitation of U in the Hammamat sediments rather than in granite. The U:Th ratio in the unaltered sediments is heterogeneous and relatively high (~2-13) as a result of fluids infiltration under control of permeability. The ratio increases dramatically in the altered Hammamat sediments, particularly the siltstones, to reach 1000. The hematization-bleaching alteration zone (Fig. 11) appears to be most favorable for the secondary uranium. This study provides no evidences of primary U-ores in the mineralized shallow shear zone under consideration. Secondary uranium occurs in a variety of forms including; (a) Well crystalline to submicroscopic uranophane (Figs. 12 and 13) . The identification was confirmed by X-ray diffraction of handpicked grains. Uranophane occurs always in the silt size and imparted by reddish or pale yellow hues according to the mineralization whether hematized or bleached. Mahdy et al. (1990) and Helmy (1999) identified additional secondary uranium minerals such as soddyote, tyuyamunite and schreckingerite. (b) Dispersed or sorbed with secondary silica and iron (hydr)oxides occurring as fracture filling. The thickness of such fractures imparted by secondary uranium may reach 25 cm and they contain abundant violet fluorite. (c) Dispersed and clustered around the pseudomorphosed pyrite (Fig. 14) . (d) Isomorphous within the lattice of the accessory minerals such as zircon, monazite, sphene among others. ( Fig. 15 ). This agrees with the REE pattern of the intensively mineralogically and chemically altered granite described by Möller et al. (1994) . It appears that the alteration processes have caused relative enrichment of the HREE and further depletion of Eu. In agreement with Alderton et al. (1980) such loss in Eu can be attributed to sericitization. The muscovitization of silicates 
Fig. 13. Photomicrographs of; a. Uranophane with metamict brown center filled with hematite (PPL) and b. Radiated uranophane associated with hematite (CN).

REE PATTERNS
According to the mass transfer calculations (Table 4) , the ΣREE content is slightly depleted in the altered granite but significantly enriched the Hammamat sediments, particularly their hematized type. The altered granite displays an almost flat REE pattern with strong negative ∆Eu Hammamat sediments. This assumption is confirmed by the mirror image plots of the mass-transfer (isocons) of the REE due alteration of both granite and sediments (Fig. 17) . Accordingly, the REE mineralization in the Hammamat sediments does not require long transportation from deeper or distant sources, but rather from the granitic body at contact. Since the REE pattern of the Hammamat sediments is characterized by higher LREE:HREE, an additional host for LREE is most likely possible. The sulfate, released after the pseudomorphic oxidization of pyrite, is capable enough to precipitate REE with partitioning towards higher LREE. The mass transfer calculation indicates that S is markedly enriched in the altered Hammamat sediments.
HIGH FIELD STRENGTH ELEMENTS (HFSE)
The HFSE, such as Nb, Ta, Zr, Hf, W and Th, show relative enrichment in the alteration zone of the Gattar granite. The Na-metasomatism seems to be better accumulator for Nb and W, while the K-metasomatism concentrates more of Zr.
The Ta/(Nb + Ta) ratio decreases from 0.11 in fresh granite to 0.05 in the altered granite, suggesting preferential preponderance of Nb over its traditional diadoch (Ta) by alteration fluids. The early report of Parker and Fleischer (1968) noted that in fluorine-rich environment, Nb and Ta could combine with fluorine to form ionic complexes, and their fractionation result from Ta-fluorine complexes being more mobile and stable than precursor and metamictization of HREE-bearing minerals such as zircon may supply the additional HREE to the altered granite. The microprobe analysis of the altered granite indicates that secondary fluorite (Fig. 16) is the potential accumulator of the mobilized HREE and Eu. The role of secondary fluorite, in neighboring mineralized granites, as a potential accumulator of HREE + Y has also been noted by El-Kammar et al. (1997) .
Opposite to the altered granite, the altered Hammamat sediments show decisive enrichment of the LREE over the HREE ones by factor exceeding 30. The alteration processes in the Hammamat sediments, especially hematization, improve the concentration magnitude of ΣREE and increase the deficiency in Eu (see Fig. 15 ). The relative loss in ΣREE and LREE in particular, in the altered granitic body can be considered as a main source of REE input into the altered those of Nb. The availability of F in the alteration fluids is witnessed by the prominent secondary filling by fluorite. Moreover, Abdalla et al. (1998) concluded that U-bearing columbite in the metasomaized granites of the Eastern Desert of Egypt is Ta-poor. Antithetically, the pair Zr-Hf does not show similar tendency for fractionation due to alteration, where the Hf/(Zr + Hf) ratio remains the same (0.048, in average).
Although the Gattar granite and its older Hammamat sediments were subjected to alteration at shear zone, they are not equivocally affected by remobilization of the HFSE. The elements; Nb, Ta and W; are generally below limits of detection in both altered and unaltered Hammamat sediments, while Zr and Th are enriched with higher fractionation towards the hematized variety. 
DISCUSSIONS
The origin of the uranium mineralization in Gattar granite and the Hammamat sediments was a matter of extended discussion and controversy during the last two decades. Hypotheses and suggestions were made by many authors, including; Salman et al. (1986) , Roz (1994) , Nossier (1996) , Shalaby (1996) , Osmond et al. (1998) , among others. Most of these authors made their hypotheses, mainly, on basis of field observations and agree on the following:
1) The mineralization has directly to do with the tectonic controls, which are represented by the NE-SW and NNE-SSW fault regime.
2) The mineralization is accompanied with rather complicated alteration processes of minerals such as dissolving quartz, muscovitization, kaolinization, sericitization and carbonitization.
3) The mineralization is best hosted in the Hammamat sediments near contact with sheared Gattar granite. Some mineralization may, however, occur in the sheared granite itself (Salman et al., 1986; Mohamed, 1996; Osmond et al., 1998; and others) .
Similar observations have been recorded for uranium mineralization in France (Leroy, 1978) , Argentina (Cuney et al., 1989) , Portugal (Bashman and Matos Dias, 1986) and Canada (Komninou and Sverjensky, 1996) . The alterations associated with the rare metals mineralization are of considerable importance for understanding the physicochemical controls of the hydrothermal solutions affecting both the Hammamat sediments and Gattar granites.
The petrographical and geochemical investigations reveal that the mineralized zone was affected by the following alterations (not on a chronological order): dissolution of quartz, albitization, sericitization, chloritization and pyritization. Later oxidation reactions such as muscovitization and hematization are common. Secondary microcrystalline quartz, fluorite and carbonate minerals act as secondary filling. Chemical weathering by action of meteoric water caused limited kaolinization of feldspars. However, these alteration and weathering processes were not of equivocal magnitude in both Gattar granite and Hammamat sediments, and they controlled the mobilization and precipitation of the rare metals.
It is difficult to determine the depth and the age of the mineralizing solution or even the total span of time over which the mineralization occurred, because of lacking necessary radiometric dating measurements in the study area. However, El-Ghawabi et al. (1964) and El-Hazik (1968) described primary U-ore at depth of 85 m, in neighboring occurrences in central Eastern Desert. Mohamed (1996) and Osmond et al. (1998) have recently confirmed the presence of such primary U-ore. The latter authors concluded that the secondary U-mineralization (soddyite, kasolite, uranophane) were formed sometimes during the period 150,000 to 60,000 years ago and that the lable uranium in adjacent rocks was adsorbed after that time. The fluid inclusion investigation done by Helmy (1999) , on the mineralized granites in the study area concludes that the hot and saline "magmatic" fluids were mixed with lowsalinity meteoric water, U-minerals were precipitated from low salinity fluids of high input of meteoric water. Helmy's argument is not supported by important measurement of oxygen and sulfur isotopies. However, the origin of the hydrothermal fluids, whether originated directly from magma or heated by convection then acted on magmatically pre-enriched rocks, is still a matter of controversy. It is evident that these hot fluids practiced significant changes in their physicochemical potential when reached the shallow shear zone environments. Mixing of hot ascending solutions with meteoric water seems to be eligible, especially where Saharan pluvial period (Said, 1990) coincides with Osmonds' dating for the secondary mineralization. Oxidation-reduction and changing pH have played the main role in remobilization and precipitation of many rare metals such as U, Nb, Zr, W, REE + Y and chalcophile elements.
The foregoing petrographical and geochemical investigations provide us with insight into the physicochemical conditions of the hydrothermal solutions. "The solutions are forever changing, reacting with wallrock, replacing earlier formed minerals, and, sometimes, forming ore deposits" (Skinner, 1997) . The reactions with the wallrocks persuade different physico-chemical conditions to the mineralizing solutions in both Gattar granite and Hammamat sediments.
The ascending hot fluids, after being acted on pre-enriched granitic volume, were alkaline and oxidizing when reached the shallow shear zone and caused intensive subsolidus alterations. The evidences of the alkaline nature of the hot fluids are:
(1) Dissolution of quartz (desilicification or episyenitization).
(2) Enrichment of the altered granite in Ca, Mg and precipitation of iron as (hydr)oxides.
(3) Precipitation of uranophane as secondary uranium phase.
(4) Chloritization of primary silicates.
(5) Metamictization of stable accessory minerals such as zircon and monazite.
(6) Relative enrichment of Nb over Ta and HREE over LREE in the altered granite. The oxidizing nature of the mineralizing fluids at the shear zone is witnessed by hematization, pseudomorphic oxidation of pyrite and muscovitization of biotite. The physico-chemical conditions of these fluids were ever changing due to consequent reactions with wallrocks and mixing with meteoric water.
However, the mineral alterations due to reactions between the hydrothermal solutions and hosting rocks can be expressed by the following reactions:
The alkaline (Na-and K-rich) solutions dissolve primary quartz, as follows: SiO + 4NaOH Na SiO + 2H O. This reaction explains the formation of albite (or adularia) and secondary silica. The latter reprecipitates in the empty voids left after dissolving of primary quartz (Eq. (1)). Similar phenomenon has been reported by Cathelineau and Poty (1989) . The produced Ca 2+ ions of reaction (2), together with magnesium liberated due to muscovitization of biotite precursor, precipitate under the prevailing alkaline medium as carbonates such as calcite and dolomite. The carbonization reactions can be expressed as follows:
Mg 2+ + 2CaCO 3 = CaMg(CO 3 ) 2 + Ca 2+ . (4) The oxidizing alkaline hydrothermal solutions percolating through the fracture system of the sheared Gattar granites will deteriorate the Fe 2+ bearing minerals, such as biotite and phlogopite. The following reactions explain the "bleaching" of biotite as Fe 2+ oxidizes into Fe 3+ and liberates as ferruginous material. Biotite, as such, converts into muscovite (i.e., muscovitization or bleaching alteration) and iron (hydr) 
The produced iron (hydr)oxides solidify as goethite or may dehydrate into hematite, passing through the metastable ferrihydrite, according to the following equation:
The produced goethite-hematite imparts the altered granite with strong reddish brown hues. However, the leaching of quartz (reaction (1)), carbonitization (reactions (3) and (4)) and hematization (reactions (5) and (6)) may all grant the altered granite its conspicuous brittle brownish nature.
The hydrothermal solutions should have developed a lower pH while passing through and reacting with granite. Most of the described alteration reactions reduce alkalinity, but the positive redox (+Eh) was eventually maintained. Sudden change in the redox potential of the mineralizing solutions should have taken place upon pseudomorphic oxidation of pre-mineralization sulfides (mostly of pyrite, see Such pseudomorphosed pyrite has been recorded in many of the examined granite samples, but it is much more dominant in all Hammamat sediments. The consumption of oxygen according to reaction (7), reduces the soluble uranyl species to insoluble ones, as follows: The above redox reaction of the soluble hexavalent uranyl species, is a tentative example. The reaction may also go on through direct reaction with pyrite according to the following reaction: 2UO 2 (CO 3 ) 2 2-+ 4FeS 2 + 4H 2 O + 7O 2 = 2UO 2 + 4H 2 CO 3 + 2Fe 2 O 3 + 4SO 3 2-. (9) The dependence of uranium fixation on such oxidation of sulfides may explain the intimate coherence between uranium and the chalcophile elements such as; As, Sb, V, Pb, Zn and Cu (Fig.  18) . These chalcophile elements, particularly Sb, can be used as pathfinders for future uranium exploration in the similar provinces. Yang and Blum (1999) indicate that Sb and As form extensive geochemical haloes, so they can be used as indicators.
Some of the pseudomorphosed pyrite, in the Hammamat sediments, displays a framboidal texture that can be held as an evidence of an older anaerobic bacterial activity. The oxidation of such sulfides had most probably motivated the reduction and fixation of uranium from the mineralizing solutions.
The CO 2 produced from reaction (8) and SO 3 2+ produced from reactions (7) and (9) cause significant drop in pH, that turns gradually into an acidic medium. The surfacial kaolinization of feldspars in both granite and sediments is most probably due to action of meteoric water that may attain a lower pH due to uptake of anionic groups such as CO 3 2-and SO 3 2-, produced from reactions (7)- (9). The kaolinization reaction can be expressed as follows: The above reaction produces colloidal polysilicic acid that dehydrates into solidus silica (reaction (11)). This silica reduces porosity via silica cementation and fracture filling. The liberated K + ion of reaction (10) The precipitated silica occurs as microcrystalline quartz or chalcedonic-quartz either as intergranular-or fracture filling.
SUMMARY
The mineralization in the sheared Gattar granite and its underlying Hammamat sediments, can be summarized by the following:
1) The ENE-WSW and NE-SW fault regime in the study area, allowed an alkaline, oxidizing, uranium-enriched hydrothermal solution to pervade upwardly both Hammamat sediments and its underlying Gattar granite.
2) The petrographic observations and the geochemical relationships suggest transportation of uranium in an aqueous oxidized state from large granitic volume at relatively elevated temperature. The mass transfer calculations suggest possible mobilization of rare metals from Gattar granite to Hammamat sediments during alteration. Mixing of hot ascending solutions with meteoric water, or heating meteoric water by convection, may had taken place during the Saharan pluvial period.
3) The changing physico-chemical conditions of the hot fluids due to their mixing with meteoric water and continuous interaction with wallrock caused a complicated series of alteration processes. These include quartz dissolution/precipitation, albitization, sericitization, chloritization, muscovitization, hematization and pseudomorphic oxidation of pyrite precursor. Kaolinization and oxidation reactions have taken place by late weathering processes. 4) Sulfides (mainly pyrite) in the Hammamat sediments as well as Gattar granite are major cause of uranium reduction and precipitation. This may explain the intimate coherence between uranium and the chalcophile elements, particularly Sb.
